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Grasslands of the Australian Southern Tablelands represent a patchwork of native and
exotic systems, occupying a continuum of C3-dominated to C4-dominated grasslands
where composition depends on disturbance factors (e.g., grazing) and climate. Managing
these complex landscapes is both challenging and critical for maintaining the security
of Australia’s pasture industries, and for protecting the biodiversity of native remnants.
Differentiating C3 from C4 vegetation has been a prominent theme in remote sensing
research due to distinct C3/C4 seasonal productivity patterns (phenology) and high
uncertainty about how C3/C4 vegetation will respond to a changing climate. Phenology
is used in northern hemisphere ecosystems for a range of purposes but has not
been widely adopted in Australia, where dynamic climate often results in non-repetitive
seasonal vegetation patterns. We employed time-lapse cameras (phenocams) to study
the phenology of twelve grassland areas dominated by cool season (C3) and warm
season (C4), native or exotic grasses near Canberra, Australia. Our aims were to assess
phenological characteristics of the functional types and to determine the drivers of
phenological variability. We compared the fine-scale phenocam seasonal profiles with
field sampling and MODIS/Landsat satellite products to assess paddock-to-landscape
functioning. We found C3/C4 species dominance to be the primary driver of phenological
differences among grassland types, with C3 grasslands demonstrating peak greenness
in spring, and senescing rapidly in response to high summer temperatures. In contrast,
C4 grasslands showed peak activity in Austral summer and autumn (January-March).
Some sites displayed primary and secondary peaks dependent on rainfall and species
composition. We found that the proportion of dead vegetation is an important biophysical
driver of grassland phenology, as were grazing pressures and species-dependent
responses to rainfall and temperature. The satellite and field datasets were in general
agreement with the phenocam results. However, the higher temporal fidelity of the
cameras captured changes in vegetation not observed in the coarser satellite or field
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results. Our phenocam data shows consistent periods of increasing and decreasing
greenness over as little as 5 days. Applications for management of grasslands in
temperate Australia include the identification of remnant native grasslands, tracking
biosecurity issues, and assessing productivity responses to climate variability.
Keywords: phenology, phenocam, grassland, vegetation dynamics, remote sensing
INTRODUCTION
Grasslands represent one of the most dynamic and widespread
biomes on Earth are the dominant ecosystems in a variety of
climatic conditions (Scurlock and Hall, 1998). However, despite
their importance in grazing systems and their acknowledged
provision of ecosystem services, historical, and ongoing land
management practices have degraded grasslands throughout
the world (Ceballos et al., 2010). This is particularly true
for temperate grasslands, which are facing many threats to
their sustainable future, including modification for agriculture,
habitat fragmentation, weed invasions, and changes in species
composition due to a changing climate (Peart, 2008).
In Australia’s temperate Southern Tablelands region,
grasslands support both unique native flora and an important
grazing industry. Grazing favors a community shift from tall
perennial grasses to short grasses, and fertilization favors exotic
annuals over native perennials (Moore and Biddiscombe, 1964;
Gott et al., 2015). Historical land use of the Southern Tablelands
therefore drives a patchwork of grasslands dominated by a
variety of native grasses, exotic pasture grasses, invasive weeds,
or a continuum of intermediate states. These grasslands differ
greatly in their composition, structure, and functional attributes
(Benson, 1994). Many native temperate grassland communities
are only present as remnants and occupy a small fraction
of their pre-European range (Groves, 1979; Benson, 1994).
Their conservation and restoration is recognized as a priority,
however there is an acute need to integrate conservation and
agricultural values to ensure success (Wong and Dorrough,
2015). Classification of grasslands based on these attributes is the
first step in being able to determine appropriate ecological and
agricultural management.
Data for effective classification can be provided through field
surveys, however these can be labor-intensive and impractical
on a large scale. As an alternative, remote sensing has been
explored as a potential approach to identify grassland types and
condition. Efforts to discriminate grassland communities have
had some success both worldwide (e.g., Price et al., 2002) and
within Australia (Hill et al., 1999; Agrecon, 2004; Lymburner
et al., 2011), though the classification groupings can be broad.
Achieving finer-scale classification of temperate grasslands
remains challenging due to their dynamic, heterogeneous nature
(Hill, 2013), habit of retaining dead material on the plant
(Tremont and McIntyre, 1994; Morgan and Lunt, 1999), unique
shading issues (Shimada et al., 2012), and the continuum between
disturbed and undisturbed conditions (Psomas, 2008).
While many factors can be used to classify grassland
vegetation, the distinction between C3 (cool season) or C4 (warm
season) photosynthetic types is fundamental (Epstein et al.,
1997; Still et al., 2003; Adjorlolo et al., 2012). The nature of C3
or C4 dominance dictates patterns of growth and productivity
during different times of the year; C3 species are more
productive in cooler, mesic climates, whereas C4 species have
a greater advantage in warmer and drier regions (Wand et al.,
1999; Baldocchi, 2011). In the Australian Southern Tablelands,
a continuum occurs from C3-dominated to C4-dominated
grasslands without any defined spatial distribution. Much of
the grassland composition depends as much on disturbance
factors (e.g., grazing) as climate (Wimbush and Costin, 1979;
Benson, 1994). There is a high uncertainty about how C3 and
C4 vegetation will respond to increased CO2 concentration and
temperature and to modified moisture regimes predicted in a
changing climate (Baldocchi, 2011; IPCC, 2014), in particular
how this will impact agricultural productivity (Winslow et al.,
2003; Howden et al., 2008; Cullen et al., 2009; Pau et al., 2013).
Rising temperatures and lower available moisture are expected to
favor C4 grasses, while higher CO2 concentrations should favor
C3 grasses (Morgan et al., 2011).
Differentiating C3-dominant from C4-dominant grasslands
has been a prominent theme in remote sensing research due
to distinct C3/C4 seasonal productivity patterns (Wang et al.,
2013; Dye et al., 2016). Satellite data products characterize
“land surface phenology” of vegetation types across landscape
to global spatial scales (de Beurs and Henebry, 2004; Broich
et al., 2015). These typically use a time-series of vegetation
indices calculated from measured spectral reflectance, which can
reliably estimate biophysical parameters such as biomass and
vegetation cover for a diverse range of vegetation types (Weiser
et al., 1986; Huete et al., 2002). Several satellite-based phenology
studies include grasslands (Justice and Hiernaux, 1986; Fontana
et al., 2008; Cui et al., 2012; Horion et al., 2013; Wang
et al., 2013), though the majority of these focus on northern
hemisphere grasslands where phenology is strongly driven by
temperature. One notable study from southeastern Australia
provided a classification of pastures types using Advanced Very
High Resolution Radiometer (AVHRR) time-series data (Hill
et al., 1999). This study successfully grouped broad land use types
(e.g., native pastures, sown pastures, mixed pastures/cropping,
and forest) based on similar time-series phenology profiles.
More recent landscape-scale phenological research in Australia
focuses on arid and semi-arid regions where vegetation dynamics
are primarily driven by rainfall (Ma et al., 2013; Petus et al.,
2013). The unique vegetation dynamics in many Australian
environments (e.g., missing an annual growing season or having
multiple greening periods) result in non-seasonal behavior and
requires the development of different phenological approaches
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than those used in typical northern hemisphere systems (Zhang
X. et al., 2006; Broich et al., 2015).
Satellite remote sensing has the advantage of capturing large
areas consistently, but its usefulness in phenological studies is
constrained by temporal (i.e., time of satellite revisit) and spatial
resolution (i.e., size of pixel) limitations. In contrast, time-lapse
fixed cameras (termed “phenocams”) have no such constraints
and have shown great promise in capturing phenological
information in a wide range of biomes (Brown et al., 2016),
including northern hemisphere broadleaf forest (Ahrends et al.,
2008; Richardson et al., 2009; Nagai et al., 2011; Mizunuma
et al., 2013), Brazilian cerrado (Alberton et al., 2014), European
alpine grasslands (Migliavacca et al., 2011; Julitta et al., 2014),
Malaysian tropical forest (Nagai et al., 2016), and grasslands
in Japan (Inoue et al., 2015). In Australia, Moore et al. (2016)
provided an overview of phenocam imagery captured across the
continent at different ecosystems including a tropical rainforest,
a tropical savannah and a temperate evergreen forest. Generally,
phenocams sample a smaller area than satellites and lack
the spectral resolution of modern satellite sensors. However,
they have the advantage of capturing high frequency (sub-
daily) imagery, they can be positioned to directly monitor the
vegetation of interest, atmospheric effects have less impact,
and users can visually examine imagery to explain observed
data patterns or anomalies. Phenocam imagery is typically
converted to a vegetation index such as the Excess Green (e.g.,
Woebbecke et al., 1995) or the Green Chromatic Coordinate
(gCC) (Gillespie et al., 1987; Sonnentag et al., 2012) through
manipulation of the red, green, and blue brightness values.
Phenocam-based phenology has shown a good correspondence
of phenophase timing when compared with eddy-covariance
towers, satellite imagery, and field observations (Richardson
et al., 2007; Migliavacca et al., 2011; Nagai et al., 2011; Mizunuma
et al., 2013; Toomey et al., 2015; Moore et al., 2017), albeit with
quantifiable time lags or restrictions to certain times of year
(e.g., remotely sensed observations can be unavailable during the
wet-cloudy season).
Remote sensing data is often validated through field
biophysical observations (Mutanga and Skidmore, 2004; Zhang
Q. et al., 2006; Shen et al., 2008; Liang et al., 2011; Psomas et al.,
2011), with some agencies in Australia providing substantial
investment and support to this aim (Muir et al., 2011). Some
research has shown successful scaling from field measures to
remote sensing (e.g., Fisher and Mustard, 2007; Studer et al.,
2007). However, others have highlighted the sometimes weak
relationship between in situ and satellite observations (Badeck
et al., 2004; Ahl et al., 2006; Soudani et al., 2012). One of
the more pressing challenges in phenological research is to
understand the sources of variability between spatial scales
(Friedl et al., 1994; Reed et al., 2009). This is particularly
relevant for heterogeneous grasslands, where variability in spatial
scales of field measurements can be problematic (Klimeš,
2003).
Given the importance of grasslands for food security and
ecosystem preservation and the need for a better understanding
of remote sensing-derived phenology over pastures and
grasslands, this research aims to:
a) Assess the variability in phenology among of C3/C4 temperate
grassland types with the use of phenocams;
b) Identify the biophysical drivers that cause changes to
grassland land surface phenology;
c) Evaluate the utility of phenocams for capturing temperate
grassland phenology; and
d) Compare scales of phenocam phenology data with field
measurements and satellite phenology products.
MATERIALS AND METHODS
Study Sites
The study area is located in the Southern Tablelands region of
New South Wales (NSW) and the Australian Capital Territory
(ACT), and is part of the South Eastern Highlands bioregion
(Environment Australia, 2000). The study area is approximately
bounded by the towns of Bungendore (35.2500◦S, 149.4500◦E),
Gungahlin (35.1831◦S, 149.1330◦E), and Bredbo (35.9420◦S,
149.2009◦E) (Figure 1). The region has distinct seasonal
temperature values (mean monthly ranging from 0 to 30◦C)
and contains several types of native and exotic grasslands
co-occurring within a similar climatic envelope. The climate
is characterized by warm summers (December–February)
with maximum daily temperatures frequently reaching 35◦C.
Winters (June–August) are cold, with frequent daily minimum
temperatures below 0◦C. Rainfall is relatively consistent
throughout the year, with a mean of between 30 and 90mm per
month, and an annual average of 650mm, although rainfall in
the region is impacted by elevation, latitude, and aspect and may
be spatially sporadic.
Modeled temperature and rainfall data generated from
MODIS Terra Global Land Surface Temperature and Tropical
Rainfall Measuring Mission version 7 (data product 3B43-v7)
are presented to compare the monthly rainfall and temperature
of the study period with the 1998–2017 average (Figures 2A,B).
The study period (May 2014–April 2015) had temperatures that
were generally consistent with the mean, though the period of
December 2014–April 2015 was cooler than average (Figure 2A).
Precipitation during the study period was more sporadic; a
few months (June December, January and April) had unusually
heavy rainfall and many months had lower than average rainfall
(Figure 2B).
Three replicate areas of four distinct perennial grassland
types common to the area were selected. Elevation of the study
locations is between 550 and 750m above sea level. Sites were
grouped based on the C3/C4 and the native/exotic status of the
dominant perennial grass species (summarized in Table 1). Site
groups were selected based on important grassland types in the
region, including those that are used for conservation purposes,
and those that are used for grazing agriculture. Sites within each
category were not required to have the same dominant species
per se, but rather be dominated by the same functional group
(e.g., native C4 grass). This dominance was designated by the
terminology used throughout this text as: C4 Native, C4 Exotic,
C3 Native, and C3 Exotic. C4 Native sites were dominated by
the common native grass Themeda triandra, a typical indicator
species of low disturbance. C4 Exotic sites were dominated
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FIGURE 1 | Location of study area, south east of the continent, near the city of Canberra, Australia. Background vegetation mapping refers to the Dynamic Land
Cover Dataset (Lymburner et al., 2011). Inset shows the location of individual study sites.
FIGURE 2 | Study site satellite derived climatic variables sampled at
Mullunggari Nature Reserve (center pixel) (A) temperature from MODIS Terra
Global Land Surface Temperature (LST; ◦C) (MOD11A2) mean (black line) and
standard deviation 1998–2017 (gray area) and this study period (May
2014–April 2015; red line) (B) precipitation (P; mm month-1) from the version 7
Tropical Rainfall Measuring Mission (TRMM) data product (3B43-v7) (0.25 deg)
mean (black line) and standard deviation 1998–2017 (gray area) and this study
period (May 2014–April 2015; blue bars).
by the invasive agricultural weed Eragrostis curvula. C3 Native
sites contained a mixture of Austrostipa and Rytidosperma C3
species typical of grazed native pastures in the region. C3
Exotic sites were dominated by exotic pasture grasses, typically
Phalaris aquatica, Dactylis glomerata, and Festuca arundinaceae.
All grassland types contained secondary components of species
outside the dominant functional group. For example, C4 Native
sites contained a small fraction of C3 native grasses and exotic
species. C3 forbs occurred at most site at low vegetative cover.
All sites met the following criteria: homogenous cover of the
selected grassland type; consistent land management throughout
the study period; and the grassland area being >20 hectares,
with adequate coverage in all dimensions to incorporate satellite
pixels. None of the field sites were artificially irrigated.
Time-Lapse Digital Photography
Time-lapse RGB WingscapesTM cameras (phenocams) in
weatherproof housing were installed at each site to capture
vegetation changes at a high temporal capacity. The phenocam
was mounted 2.3m above ground level and angled downward
∼15◦ from horizontal. The field-of-view included the horizon
in the image but only a small quantity of sky, i.e., most of the
scene was the target grassland. This field-of-view captured an
area between 2 and 4 hectares. Each camera was positioned
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TABLE 1 | Characteristics of study sites by grassland functional type.
Grassland
functional type
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to face south to minimize the impacts of sun glint on the
images. We collected one image at hourly intervals between 9:00
and 15:00 Australian Eastern Standard Time (UTC +10). No
standardization of color was used through the use of reference
cards as can be found in similar studies (Ahrends et al., 2008;
Richardson et al., 2009; Sonnentag et al., 2012). Color balance
drift has been reported in a study using phenocams (Ide and
Oguma, 2010) however this only became apparent after 2 years
of use. As such, no significant color balance drift is assumed for
this study.
The Green Chromatic Coordinate index (gCC; Equation 1)
was used as a surrogate of greenness as it represents the relative
brightness of the green fraction compared to the sum of the green,
red, and blue bands (Gillespie et al., 1987; Sonnentag et al., 2012).
It is a unitless index that pilot studies suggest ranges between
0.25 (no green vegetation) and 0.5 (abundant green vegetation) in
the subject grasslands. A variety of phenocam-based studies have
preferentially used this index because of its dynamic response
to changes in plant biophysical variables and robustness to
variations in image brightness due to sky conditions, time of
day, or shadowing (Ide and Oguma, 2010; Sonnentag et al., 2012;





Images were manually filtered and viable images were processed
with ImageJ software (Abràmoff et al., 2004) to extract RGB
values and calculate gCC. The mean gCC across the target area
of the image was used for each hourly data point and was used
to establish a daily time-series, known as a phenology profile.
For some phenocam profiles, we fitted a non-parametric Locally
Weighted Scatterplot Smoothing (LOESS) curve to improve
visualization and the identification of trends (Cleveland, 1979).
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Field Measurements and Floristic Surveys
Monthly biometric measurements included pasture height
and vegetation cover using non-destructive methods, and
aboveground biomass using destructive harvesting.
• Percent vegetation cover was taken using a point-transect
method (NSW Catchment Management Authority, 2005).
One 100m transect was established across a representative part
of the study site with cover noted at 1m intervals. Vegetation
cover was classified as: green vegetation (photosynthetic
vegetation, PV), dead vegetation (non-photosynthetic
vegetation, NPV), and background (bare soil and substrate,
BS).
• Average pasture height was measured using a falling plate
method (Rayburn and Rayburn, 1998). A standard acrylic
plate was mounted on a ruler and allowed to fall on the
vegetation at the sample point. The mean value of 20 points
was taken.
• Total biomass was harvested within six replicates of 1 m2
quadrats to ∼1 cm above ground level. The location of
each quadrat was randomly selected at each monthly visit
without replication. Biomass samples were stored in a plastic
bag in a cool environment (a cooler in the field and a
refrigerator in the laboratory) prior to processing to prevent
degradation. Vegetation was separated into “grasses,” and
“forbs” (including pasture legumes, native forbs, and exotic
weeds), then further separated into photosynthetic (“green”)
and non-photosynthetic (“dead”). Samples were placed in
paper bags, oven-dried at 60◦C for 72 h and results converted
to kg/ha.
Floristic surveys were conducted at each location (three 20 ×
20mplots) eachmonth tomonitor species composition.Monthly
floristic data is not presented.
Satellite Data Sources
Satellite data were obtained from three sources that represent
typical sources of land surface phenology data: the Moderate
Resolution Imaging Spectrometer (MODIS) sensor aboard the
Terra satellite, the Operational Land Imager (OLI) sensor aboard
Landsat 8, and the Enhanced Thematic Mapper Plus (ETM+)
sensor on Landsat 7.
The Terra MODIS 16-day composite NDVI (MOD13Q1) at
250m spatial resolution was downloaded from the NASA Land
Processes Distributed Active Archive Center (http://e4ftl01.cr.
usgs.gov/) over the period May 1, 2014 to April 30, 2015. The
NDVI provided by this product was calculated using the bands
specified in Table 2. The data were filtered based on the quality
assurance flags provided in the quality control layers of the
product, with periods of clouds, high aerosol loads, and low
quality were removed. The 16-day composite data reduces impact
of cloud cover on long-term data sets, though at the expense of
higher temporal resolution. Due to the relatively small size of
most of our grassland sites, one pixel (250 × 250m) was used
for analysis.
Landsat data (OLI and ETM+) was obtained from the Climate
Data Record surface reflectance from the Science Processing
Architecture System of USGS Earth Resources Observation
TABLE 2 | Satellite sensor spectral bands used in the calculation of NDVI.
Sensor Satellite Red (RED) Near infrared (NIR)
MODIS Terra Band 1 (620–670 nm) Band 2 (841–876 nm)
OLI Landsat 8 Band 4 (640–670 nm) Band 5: (850–880 nm)
ETM+ Landsat 7 Band 3 (630–690 nm) Band 4 (770–900 nm)
and Science Center (http://espa.cr.usgs.gov/), corrected for
atmospheric effects and BRDF. We subsequently calculated
NDVI from reflectance data as per Equation 2 using the red and
near infra-red (NIR) bands specified in Table 2. Landsat 7 and
Landsat 8 data were combined into one NDVI time-series as the
data have been shown to be equivalent (Li et al., 2014; Ahmadian
et al., 2016). The Landsat 7 and 8 data are collected at a nominal
16-day frequency; however this is subject to effects of clouds that
can reduce or eliminate the usability of parts of an image. As
such, temporal resolution frequently extends beyond 16 days. To
capture a similar area as MODIS data sources, we used a 5 × 5






On average, there were 19.2 of a possible 23 MODIS 16-day
temporal data points for each site (range: 18–20) over the annual
study period, and 17.3 Landsat OLI/ETM+ 16-day data points
(range: 15–19) of a possible 23. Some large gaps, due primarily
to cloud obstruction, were evident in the temporal satellite data
which can impact phenology studies, with a maximum 126 day
gap for Landsat data and a 48 day gap for MODIS data.
Data processing, including graphical analysis and statistical
analysis, was conducted with the R software package (R Core
Team, 2013). For quantitative comparison between methods, it
was necessary to match data as closely as possible in time. As field
sampling was the least frequent data type (monthly), we selected
12 data points from satellite and phenocam time-series that were
closest to the 12 field sampling dates (number of days before or




The phenocam derived gCC profiles (Figure 3) showed C3 sites
having maximum greenness as a distinct peak in October-
November, whereas C4 sites peaked later (January-February) and
showed a broader peak. All sites started greening after August as
temperatures warmed which is indicative of the presence of C3
species (albeit as a secondary component in C4-dominated sites).
C3 vegetation had a second greening period in late February in
response to increased rainfall. Fine-scale vegetation dynamics are
observed at all sites as small but rapid increases and decreases in
gCC.
C3 Exotic grassland sites showed peak greenness in October-
November (Figure 3A). However, these sites were variable: one
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FIGURE 3 | Annual combined gCC phenology profiles for all sites, grouped by functional type, (A) C3 Exotic, (B) C3 Native, (C) C4 Exotic, (D) C4 Native. Gray dots
represent hourly data points. Blue lines represent individual sites. The thick black line of each panel is a LOESS fitted curve (span = 0.1) for each functional type. Panel
(E) represents the monthly mean maximum temperature (◦C; dashed line; Tuggeranong Bureau of Meteorology station) and the monthly rainfall (mm; solid bars;
Australian National Botanic Gardens Bureau of Meteorology station) for the study period.
site showed an almost unimodal profile, increasing in gCC from
September, reaching a peak in November, and steadily decreasing
to the baseline in January. At the second site we observed
green-up steadily climbing to a peak in late October, before
decreasing in December. Multiple small increases in gCC occur
until February, followed by a steady decline through March.
The third site had two equally dominant peaks in October and
February.
The C3 Native profiles demonstrated a gradual decline of
gCC from May through to August and a characteristic greening
pattern commencing in August and reaching a maximum
in October-November (Figure 3B). The gCC then abruptly
decreased in November. Patterns changed slightly between the
sites from this point; some showed periods of greening and
browning through the summer, whereas others had only one
small greening period. Two sites showed steady decline in gCC
through February to a minimum in March, whereas the other
demonstrated an influence from secondary C4 species (a lowwide
peak from December and reaching a minimum in late March).
The C4 Exotic profiles show consistency in summer peak
greenness (January-February) (Figure 3C). The gCC values were
all very low through the winter months, and shared identical
timing of the characteristic broad summer peak. The individual
sites showed different patterns during spring. One site had
a distinctive peak of C3 vegetation resulting from a flush of
spring pasture grasses. Another showed a delayed but very rapid
increase in gCC, commencing in November and lagging biomass-
measured greening by 2 months.
The C4 Native grasslands show a consistent group of profiles
(Figure 3D). All sites have low gCC from May to August,
with an indistinct inflection point in late August marking the
start of a gradual greening. High gCC is maintained through
January-February followed by a characteristic drop in March as
temperatures start to decrease.
Vegetation Cover
All groups showed distinct seasonal changes in cover throughout
the year, with the mean time-series presented as Figure 4. The C4
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FIGURE 4 | Monthly mean green cover (% ± s.d., n = 3), presented by grassland functional type, (A) C3 Exotic, (B) C3 Native, (C) C4 Exotic, (D) C4 Native.
Native sites demonstrate particularly distinctive and predictable
patterns, with low green cover during the winter months, rapid
greening in October, and a peak of 75% green cover maintained
from December to February. After March, the green cover at
C4 Native sites decreased quickly to 20%. The seasonal green
cover variation between C4 Native sites was low. The C4 Exotic
grasslands display a similar seasonal pattern, though with greater
variation between sites: low green cover (∼10%) through winter,
green-up starting in August with a steady increase to November,
and a rapid rise to a peak of 75% in February. C3 Native sites
show a high variability throughout the year, with a peak of
80% green cover in October. Minima in November and March
correspond with high temperatures and low rainfall. C3 Exotic
peak green cover is in November (76%) though high green cover
is maintained from September through January. The minimum
green cover occurs in March for both C3 Exotic and C3 Native
groups.
Biomass Sampling
Green and dead biomass varied considerably between sites and
seasonally at the same location (Figure 5). Exotic groups tended
to have the greater quantity of mean green biomass, where we
observed the maximum value at a single site of (2,769 kg/ha).
The mean green biomass for C4 Native sites did not exceed 1,000
kg/ha, and C3 Native sites did not exceed 500 kg/ha. The C4
Exotic sites had higher green biomass during the summermonths
than the winter months. By contrast, C3 Exotic sites fluctuated
throughout the year in response to grazing pressures and seasonal
drivers, particularly periods of low rainfall. In general, sites
that were dominated by C4 species had low quantities of green
biomass during the winter months, though notably still >0.
The key features of the C3 biomass pattern are an increase
in September which reaches a peak in November (mean green
biomass 1,536 kg/ha for exotic; 586 kg/ha for native). The
C4 sites commenced green-up a month later, in October, and
reached a peak in December which was sustained through the
summer (1,438 kg/ha exotic; 922 kg/ha native). At two of the
three C4 Exotic sites, we observed an additional peak in late
summer (February; mean live biomass 2,026 kg/ha) and hence
the associated standard deviation is large.
Dead biomass was greatest in C4-dominated sites, with a
mean maximum of 5,810 kg/ha at exotic C4 sites and 4,689 at
native C4 sites. This accumulation of dead material was driven by
minimal grazing or disturbance at these sites. C4-dominated sites
tended to have a higher biomass during the winter months but
exhibited a very high variability between sites and replicates. All
C3 Native sites had a more consistent quantity of dead biomass
throughout the year; however, variability was higher between C3
Exotic sites, hence higher monthly standard deviation. At C4-
dominated sites the dead biomass was much greater than green
biomass throughout the year. Forbs contributed a very minor
proportion of the overall biomass.
Satellite Data
Satellite phenology profiles are presented as individual sites to
allow visualization and comparison of the phenology trends
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FIGURE 5 | Mean monthly green (solid line) and dead (broken line) biomass (kg/ha ± s.d.; n = 18) by grassland functional type, (A) C3 Exotic, (B) C3 Native, (C) C4
Exotic, (D) C4 Native.
of different satellite greenness products (Figure 6). While the
satellite data shows substantial fluctuation, the timing of the
maximum NDVI at each site corresponds with the C3/C4
functional group.
Landsat and MODIS data at C4 Native sites (Figure 6A) show
similar trends though they deviate substantially in magnitude.
The paucity of Landsat data beyond January 2015 due to cloud
contamination hindered meaningful comparison. The temporal
resolution of C4 Native seasonal pattern is less clear in satellite
data than in other data sources. Two sites (GIDL and TURA) both
show a consistently low NDVI below 0.5 throughout the autumn
and winter months until green up. After a peak in October,
satellite data shows a decrease in greenness toward late November
that is not apparent in other data sources. The NDVI increases
throughout the remainder of the summer months to a maximum
of 0.62 and then slowly tails off toward the winter baseline.
By contrast, at the third site (MPON), NDVI is more variable
throughout the measurement period, with two peaks evident in
October and January.
At C4 Exotic sites (Figure 6B), Landsat data exhibited smooth
trends whereas MODIS fluctuated. Site IN17 showed the most
consistency between the two satellite data sources. From a
typically low greenness during winter, NDVI started to increase
in August to an October peak of 0.6. After a small browning
period, NDVI remained relatively high during the summer and
decreased to 0.49 by late August. Landsat data for INGE showed
a prominent peak in October (NDVI = 0.65), whereas the
MODIS peak was apparent in February. Landsat data at SCOT
showed a long, gradual increase in NDVI from late August to
late December which contrasts with the rapid increase in gCC
observed in the phenocam data. MODIS data at SCOT showed a
much more variable signal, with the only clear peak occurring in
October and a highNDVI beingmaintained throughout summer.
The MODIS and Landsat NDVI values for C3 Native sites
(Figure 6C) were comparable, both in magnitude and trend.
Most inconsistent data points can be attributed to data gaps. The
MODIS data shows consistent temporal patterns with phenocam
and biomass trends at all three sites.
Trends of Landsat and MODIS NDVI corresponded well for
C3 Exotic sites (Figure 6D), though deviations in magnitude
were particularly evident at one site (GUNE). Like other
functional groups, the paucity of Landsat data beyond January
2015 made comparisons difficult. In general, patterns consistent
with C3 characteristics were shown by the satellite data. All three
sites showed greening commencing in July–August with a peak
in October, and multiple additional peaks in February and April.




Variables were identified that were expected to be related
to the quantity and quality of green vegetation: green grass
biomass, green biomass (i.e., grass + forbs), total biomass,
green vegetation cover, dead vegetation cover, pasture height,
phenocam gCC, MODIS NDVI, and Landsat NDVI (Figure 7).
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FIGURE 6 | Terra MODIS (N) and Landsat OLI/ETM+ (•) NDVI data for 1 May 2014–30 April 2015 at (A) C4 Native sites, (B) C4 Exotic sites, (C) C3 Native sites, (D)
C3 Exotic sites.
Correlations are presented across all sites as separation of
grassland functional types yielded only minor differences when
tested. Longitudinal graphical comparisons of all parameters are
presented as Figures 8, 9 for sites GIDL (C4 Native) and MULN
(C3 Native). These figures are examples of the comparison
between phenology variables measured at individual sites.
Across all sites, green biomass was strongly and significantly
correlated with green grass biomass (r = 0.99, p < 0.001). This
demonstrates that the biomass was dominated by the influence
of grass rather than forbs. Green biomass was poorly-correlated
with total biomass (r = 0.25), indicating that the contribution of
the dead biomass component has a strong influence on the overall
biomass. Green biomass was only weakly correlated with satellite
estimates of NDVI (MODIS NDVI r = 0.17; Landsat NDVI r =
0.26). Height was not significantly correlated with green cover,
dead cover or phenocam gCC, and only weakly correlated with
satellite and biomass variables.
Phenocam gCC has a stronger relationship to the fraction of
green cover (r= 0.7) than its relationship with any of the biomass
variables (green biomass r = 0.41; green grass biomass r = 0.38).
A similar strength of correlation is present between green cover
and NDVI (Landsat: r = 0.71, MODIS: r = 0.73), with satellite
data also having a stronger correlation to green cover than to
green biomass (Figure 7). MODIS and Landsat NDVI values are
strongly and significantly correlated with one another (r = 0.88,
p < 0.001). The correlation between phenocam gCC and Landsat
NDVI (r= 0.69) was stronger than that between gCC andMODIS
NDVI (r = 0.59).
DISCUSSION
Assessment of Phenocams for Monitoring
Temperate Grasslands
This research found that the sub-daily image capture available
through phenocams allowed for the detection of fine-resolution
changes in greenness that were not observed in other methods.
Temperate grasslands of the Australian Southern Tablelands
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FIGURE 7 | Pearson’s correlation of variables across all sites that are relative
to quality and quantity of green vegetation. Shaded values represent significant
correlation at p = 0.05. Values are Pearson’s correlation coefficient (r).
Negative values (red) indicate a negative correlation; positive values (blue)
indicate a positive correlation.
show fluctuations in gCC that represent rapid responses to
climatic and environmental change, and phenocams add value
for interpreting the dynamics of this vegetation. Changes in
phenology due to climate trends typically report differences in
scales of days per decade (Parmesan and Yohe, 2003; Badeck
et al., 2004; Graham et al., 2009). In many cases, data collected
coarser than daily frequency (i.e., satellite and biomass data
here presented) will render changes under a certain threshold
undetectable. Sampling data at daily frequency also has the
capacity to resolve very subtle trends driven by community
composition and environmental drivers that are not possible to
resolve using other means.
We found the gCC to be a consistent and repeatable vegetation
index for capturing the dynamics of temperate grasslands in the
subject region. Similar to other studies (Sonnentag et al., 2012)
this index was found to be relatively invariant to changes in
illumination. Differences in relative angle between the camera
and the target have rarely been explored in the phenocam
literature and have the potential to be more confounding on RGB
digital numbers and greenness indices than errors associated
with illumination effects. Standardization of sensor-target angle
is recommended for future studies of groundcover vegetation
types.
Phenocams currently lack the spectral resolution shown
by many satellites and cannot match their spatial coverage.
However, phenocams have enormous potential as tools to
support ecological monitoring at an intermediate scale that can
reliably estimate biophysical variables at sub-daily frequency.
Phenocams may provide advantage to the agricultural sector in
determining appropriate times for pasture stocking, mowing,
or other management actions. On a larger scale, a network of
phenocams could be used to track weed invasions, or report
on drought impacts—items that are particularly important to
Australian agriculture. As this field develops further, there is a
growing need to conduct further testing and analysis in novel
biomes, quantify illumination, and camera angle effects on RGB
indices, and to promote the standardization of methodology to
enable cross-continental phenological comparisons (Brown et al.,
2016). These is also significant scope for advances in statistical
methods to characterize and analyse time-series imagery (Gray
and Song, 2013).
C3/C4 Phenological Response
We found C3/C4 species composition to be the primary driver
of phenology patterns in temperate grasslands of the Australian
Southern Tablelands, with several key phenological features
identified for C3- and C4-dominated grasslands. Some of these
features are most prominent in the higher temporal frequency
methods (e.g., phenocam gCC) and are partially obscured by
coarser data sources (e.g., MODIS NDVI). Generally in this
region C3-dominated grasslands showed a steady decline in
green signal from May to August (austral late autumn/winter).
A relatively sharp greening commenced in late August, reaching
a peak in late October to early November as C3 green leaf
expansion was at its maximum. Elevated temperatures and low
rainfall in November caused a decline in C3 greenness until
secondary greening occurred in late January driven by higher
rainfall. In contrast, C4-dominated grasslands demonstrated a
consistently low quantity of green vegetation from May to
August. Green-up commenced in September (early spring)
and green-up rates tended to be slower than those observed
for C3-dominated vegetation. Major C4 vegetation greening in
October resulted in either a single peak in December (early
summer) or consistently high greenness from December through
February with a steady return to low green signal in April.
The C4 grasslands exhibited only minor senescence during
spring/summer when higher temperatures and low rainfall
promoted browning in C3-dominated systems. The observed
patterns were less variable in C4 than in C3 grasslands, which
may be attributed to a consistent dominant species in the two C4
grasslands groups.
Comparison of Field and Remotely Sensed
Methods
The relationship between phenocam, field, and satellite
phenology variables was analyzed using linear correlation, a
similar approach to other researchers (e.g., Zhang et al., 2003).
We found that green biomass was not-well correlated with total
biomass. This stems from the proportionally high contribution
of standing litter in some of the subject temperate grasslands,
particularly C4 grasslands that typically retain standing litter
throughout the year (Tremont and McIntyre, 1994). The very
strong correlation of green biomass to green grass highlights
the importance of the grass component for remote sensing:
although forbs contribute most to ecosystem species richness in
Australian temperate grasslands (Wimbush and Costin, 1979;
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FIGURE 8 | Multi-scale phenology from 1 May 2014 to 30 April 2015 at site GIDL (C4 Native). From top to bottom panel: (A) total green biomass (•) and green grass
biomass (N) in kg/ha; (B) green cover (%); (C) phenocam 13:00 daily gCC; (D)Terra MODIS (N) and Landsat OLI/ETM+ (•) NDVI; (E) monthly mean maximum
temperature (◦C; dashed line; Tuggeranong Bureau of Meteorology station) and the monthly rainfall (mm; solid bars; Australian National Botanic Gardens Bureau of
Meteorology station).
Tremont and McIntyre, 1994), they contribute a small fraction of
total biomass. Green cover was only moderately correlated with
green biomass (r = 0.43) but was negatively correlated with total
biomass, again stressing the influence of standing litter. This
influence of litter may confound attempts to use remote sensing
for the classification, management, and monitoring of grasslands
in the study region.
Like other grassland studies (e.g., Paruelo et al., 2000;
Migliavacca et al., 2011; Inoue et al., 2015), we found a statistically
significant relationship between (a) phenocam indices and green
biomass and (b) between phenocam indices and satellite NDVI.
However, phenocam gCC was more strongly correlated with
green cover than with green biomass and suggests that phenocam
data may be more appropriate for estimating cover rather than
biomass for Southern Tableland temperate grasslands. Similar
research on temperate grasslands in the USA (Vanamburg et al.,
2006) suggests that digital camera-based estimates of biomass are
poor. However, in European alpine grasslands, Migliavacca et al.
(2011) found that their Greenness Index (equivalent to gCC) was
significantly correlated with green biomass and visual greenness
estimates. Such inconsistencies between temperate grasslands
communities suggest differences the biophysical characteristics
of different grassland types and indicate that the more complex
the grassland structure, the lower the likely correlation between
gCC and green biomass. As such, results from this study should
not be assumed to apply to functionally different temperate
grasslands systems, even within Australia.
Green biomass was only weakly correlated with satellite
NDVI, contrary to some grassland studies in northern
hemisphere biomes (Migliavacca et al., 2011). The abundant
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FIGURE 9 | Multi-scale phenology from 1 May 2014 to 30 April 2015 at site MULN (C3 Native). From top to bottom panel: (A) total green biomass (•) and green grass
biomass (N) in kg/ha; (B) green cover (%); (C) phenocam 13:00 daily gCC; (D) Terra MODIS (N) and Landsat OLI/ETM+ (•) NDVI; (E) monthly mean maximum
temperature (◦C; dashed line; Tuggeranong Bureau of Meteorology station) and the monthly rainfall (mm; solid bars; Australian National Botanic Gardens Bureau of
Meteorology station).
standing litter we observed not only obscures green vegetation,
but it reflects more light in the red wavelengths, reducing
the NDVI signal (Watson et al., 2013). The relatively weak
correlation between satellite and ground variables may also
be due to data gaps in the satellite time-series and temporal
registration between field and satellite data. Overall, we found
phenocam gCC to be better correlated with Landsat NDVI than
MODIS NDVI. This may be due to the smaller Landsat footprint
and highlights the importance of sampling equivalent size plots
for remote sensing comparisons (Rienke and Jones, 2006).
Despite the reasonable correlation between phenocam,
satellite and field data, we suggest that a 16-day temporal
resolution is too coarse to quantify fine changes that occur in
dynamic grassland systems in our study region, particularly given
that cloud cover impacts often lengthens this period (Stow et al.,
2004). Our phenocamdata shows consistent periods of increasing
and decreasing greenness over as little as 5 days. Other studies
have indicated that an effective 16-day revisit time is insufficient
to detect key phenological dates (Westergaard-Nielsen et al.,
2013). Daily data products from MODIS are available that can
be used to generate finer-scale phenology products (Narasimhan
and Stow, 2010), but the temporal resolution comes at a trade-off
with data quality (e.g., cloud contamination).
Scale transferability when estimating phenology remains a
major challenge (Friedl et al., 1994; Eisfelder et al., 2016). While
some studies have reported success in this regard (e.g., Fisher
et al., 2006; Fisher andMustard, 2007), other authors caution that
there are still major challenges in scaling biophysical measures
to satellites (Huete et al., 2002; Soudani et al., 2012). Some
researchers in this field (e.g., Hufkens et al., 2012) suggest that
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issues of scale and representation (i.e., what is being sampled)
strongly influence the relationship between near-surface and
satellite remote sensing measures of phenology. This concern is
particularly relevant in temperate grasslands within our study
region that often have heterogeneous composition in time as well
as space. Another fundamental difficulty in comparing different
methods is that no method provides a single point of truth. It
should be recognized that each method provides subtly different
information, uncertainty and errors (Hill et al., 2006).
Sources of Variability and Divergence
The C4 Native grasslands within this study show the most
consistent pattern within the functional groups. This group has
the most homogenous composition, dominated by one climax
species, Themeda triandra, and sites have comparable levels of
grazing and other external disturbances. Within other groups,
variations from the typical profiles were mostly due to changes
in species composition throughout the year. For example, the
site INGE was dominated by the C4 exotic grass Eragrostis
curvula. However, high winter rainfall resulted in a flush of C3
annual pasture grasses and forbs that produces a green peak
in early spring, atypical of a C4-dominated system. The C3
Native site MULN was found to have a secondary composition
of C4 grasses in the summer, hence exhibited a higher and more
consistent greenness through summer months than other C3-
dominated locations. This heterogeneity is difficult to control in
natural dynamic systems. Exotic pasture grasses are ubiquitous
in low numbers in native pastures (Moore and Perry, 1970),
but can flourish if conditions are optimal. This makes grassland
ecosystems a challenge for classification—species groups can be
abundant 1 year, and rare the next (Vivian and Baines, 2014).
Periodic assessment of species composition should be a crucial
part of remotely-sensed phenology studies in dynamic systems.
Forbs had low contribution to biomass in the subject
grasslands but may be under-represented because common
prostrate herbs (e.g., Trifolium spp., Hypochaeris radicata,
Solenogyne dominii) are not as readily collected during sampling.
However, the canopy architecture and leaf morphology of
planophile forbs intercept and reflect more light than erectophile
grasses (Jackson and Pinter, 1986) and they have a low proportion
of dead vegetation. As such forbs may contribute proportionally
more to measures of vegetation cover and remotely-sensed
vegetation indices which may diverge from biomass data.
Furthermore, planophile forbs may not be detected by oblique-
viewing phenocams, however they are more evident to nadir-
viewing satellite remote sensing.
At some sites, the vegetation was trampled by domestic stock
during grazing. This changes the canopy architecture, which
in turn impacts the spectral reflectance properties and satellite
VIs (Mutanga et al., 2005). As the phenocam gCC was more
responsive to changes in green cover rather than green biomass,
this may represent a cause of divergence in responses between
near-surface and satellite methods.
Significant attention has been given to the impact that
standing litter has on vegetation indices and phenology estimates
(van Leeuwen and Huete, 1996; Nagler et al., 2000; Watson et al.,
2013). From the perspective of phenocams, satellites and cover
estimates, the growth of new green leaves takes longer to emerge
through the standing litter than at a site with no litter. This was
demonstrated by our data: live biomass data was recorded even
when the phenology curve was at its lowest and green cover data
was nil; however, in the case of phenocams, the oblique angles of
the cameras further suppress detection of emergent green leaves.
The timing of greening estimated from phenocams is likely to be
delayed at grasslands when high quantities of standing litter are
present. This influencemay be further explored in future research
by utilizing the MODIS and Landsat fractional cover products
that estimate the cover of green vegetation, dead vegetation and
background across Australia (Guerschman et al., 2009, 2015).
Study Limitations
The effects of grazing were noted throughout the study but were
not controlled. Grazing reduces biomass and has been shown
to decrease vegetation index scores (Wylie et al., 2002; Yang
and Guo, 2011). Our sites show a variety of grazing pressures
from known grazers—notably domestic stock and conspicuous
native grazing animals (kangaroos)—but also will have grazing
effects from other herbivores (e.g., rabbits, invertebrates). As
such, grazing is a difficult variable to control on a large scale.
However, phenocam gCC showed that, within the same functional
group, sites with higher grazing pressures have similar phenology
curves to less heavily grazed sites. Since we have shown gCC
to be more closely correlated with cover than biomass in these
temperate grasslands, grazing may have less of an effect on gCC
than it does on other indices.
Unlike similar studies that have compared radiometric
properties of vegetation at field vs. remote scales (Westergaard-
Nielsen et al., 2013; Inoue et al., 2015), the current study aimed
to use commonly measured field biophysical parameters as the
basis for ground-scale comparison. However, adding a field
level spectral assessment would increase the detail of inter-scale
comparability (Garrity et al., 2011; Hmimina et al., 2013).
The conclusions of this research have been drawn from 1 year
of monitoring, as well as historical research on phenology in
this region (Hill et al., 1999). This annual window precludes any
investigation of temporal climatic factors on phenology profiles.
Given the inter-annual variability of Southern Tablelands climate,
further years of study would be necessary to disentangle
the influence of temperature/rainfall seasonal differences on
temperate grassland phenology.
CONCLUSION
In the Australian Southern Tablelands, temperate grasslands
represent a continuum from highly productive exotic pastures
to diverse native grasslands. Given the significance of grazing
agriculture in this region, there is a need to classify and
manage different grassland types to integrate conservation and
agricultural values under a changing climate. Remote sensing
offers the capability to conduct this using land surface phenology
of different grassland types, but an understanding of the
biophysical and ecological principles underpinning phenology
drivers is essential.
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The primary driver of phenology in this study was found
to be C3/C4 species composition. The C3 grasslands of this
study showed moderate greenness in autumn and winter, rapidly
increasing to a peak greenness in mid-spring, with secondary
peaks following late summer rains. They senesced rapidly when
high temperatures and low rainfall coincided. The C4 grasslands
exhibited very low green levels in the winter, began steadily
greening from early spring to a summer peak and maintained
relatively high values until autumn. C4 grassland phenology
was influenced by the large quantities of standing litter that
most sites contained. Previous work to classify vegetation in this
region based on phenological profiles successfully distinguished
native pastures from sown pastures and forests (Hill et al.,
1999). Our distinction of C3/C4 dominant functional type adds
an extra dimension to the classification process and—coupled
with ground truthing—may guide finer-scale discrimination of
grasslands communities.
Phenocams were found to be useful for monitoring temperate
grassland dynamics as they capture dynamic changes in greening
and browning trends over as little as 5 days. High temporal
frequency allows for greater resolution than satellite data sources
can provide, particularly for regions that have high cloud cover
for all or part of the year. Satellite data collection is far superior
over larger areas (region to continental scale) but the accuracy
of phenology metrics may suffer from decreased temporal
collection. Phenocams may assist with agricultural management
of temperate grasslands by informing optimal timing for grazing,
destocking, and other management actions.
Correlations between phenocam greenness, biomass
estimates, and satellite vegetation indices were significant
across the data set and fall within the range of agreement found
in similar cross-scalar studies. The significance and strength
of these relationships was found to differ between grassland
functional types. Imperfect correlations between measured
variables occur due to different structural, spatial, and spectral
differences in the variables being measured.
In temperate grasslands in the Australian Southern
Tablelands, phenocams were more effective at estimating
green vegetation cover than green biomass. Phenocams showed
similar effectiveness as commonly-used satellite products at
predicting green cover, however they had the advantage of
eliciting immediate greening and browning events. Scaling
phenology estimates between field and satellite level is dependent
on understanding the underlying biophysical variables being
measured.
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